All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Many societies around the world are facing major environmental challenges that are increasingly complex, uncertain, and interconnected \[[@pone.0195895.ref001]\]. Global drivers of change such as climate change, human population growth, resource use and environmental degradation, urbanization, and economic globalization are exacerbating the vulnerability of people in already fragile contexts. In order to respond to these challenges, people have developed adaptation strategies to reduce risks to livelihoods and maintain well-being. These adaptation strategies can be anticipatory or reactive and include building infrastructure (e.g. for water storage and flood protection), changing social-economic behaviors (e.g. reducing consumption, selling assets and borrowing money), or using natural resources (e.g. improving crop varieties, harvesting forest products and protecting coastal mangroves).

Nature provides benefits to people from ecosystem services, including the mitigation of impacts of natural hazards and strengthening social capacity to respond to environmental change \[[@pone.0195895.ref002],[@pone.0195895.ref003]\]. Provisioning services from forests and agroecosystems provide food, energy, water and construction material that help many rural communities around the world to diversify livelihoods and distribute risks \[[@pone.0195895.ref004]\]. In addition, regulating services, including soil fertility and micro-climate regulation, support agriculture and buffer natural hazards \[[@pone.0195895.ref005]\]. Forested ecosystems also regulate ecological processes such as water flows and carbon sequestration, with well-being benefits to people who live beyond the location of the forests \[[@pone.0195895.ref006]\]. Some studies, building on land multifunctionality and sustainable management, suggest integrated approaches to adaptation, for example, climate-smart agriculture for food systems \[[@pone.0195895.ref007]\], sustainable forest management \[[@pone.0195895.ref008]\], landscape approaches to land-use planning \[[@pone.0195895.ref009],[@pone.0195895.ref010]\], and nature-based solutions in environmental policies \[[@pone.0195895.ref011]\].

Ecosystems can help people achieve multiple development objectives simultaneously, including adaptation to climate change and other hazards, but the contribution ecosystems can make depends on how lands are managed and benefits are shared \[[@pone.0195895.ref012]\]. Land uses are defined as the sum of management arrangements, activities, and inputs that people undertake in a certain land cover type \[[@pone.0195895.ref013]\]. Land uses shape ecosystem characteristics and the bundles of ecosystem services as well as any trade-offs between services over space and time \[[@pone.0195895.ref014],[@pone.0195895.ref015]\]. Land-use changes often enhance the supply of one or more ecosystem services of interest at the expense of others, for example, the increase of food production may degrade regulating services \[[@pone.0195895.ref015],[@pone.0195895.ref016]\]. In addition, a land-use change that is adaptive for some individuals or groups may have unintended off-site effects for others at different scales \[[@pone.0195895.ref017]\]. Therefore, as trade-offs create winners and losers in how people benefit from ecosystems, so land-use changes may reduce livelihood risks for some stakeholders (especially those deciding on land-use changes) but increase risks for others, locally or further afield \[[@pone.0195895.ref007],[@pone.0195895.ref018],[@pone.0195895.ref019]\].

Despite the importance of trade-offs and off-site effects in relation to making ecosystem service assessments useful and operational \[[@pone.0195895.ref020],[@pone.0195895.ref021]\], there has been limited research on how land-use changes lead to trade-offs between ecosystem services (reviewed in \[[@pone.0195895.ref022]\]), particularly across spatial scales and beneficiaries \[[@pone.0195895.ref023],[@pone.0195895.ref024]\]. Another challenge is to better understand the processes that change dominant social-ecological structures, e.g. societal learning feedback loops that can transform institutions or practices related to the management of agricultural and forest ecosystems \[[@pone.0195895.ref025],[@pone.0195895.ref026]\]. In this study, we analyze how rural communities in two tropical forested landscapes in Indonesia have changed land uses to maintain their livelihoods and adapt to several environmental, economic, and social risks. We describe the impacts of major land-use changes on the supply of ecosystem services, with consequences for well-being at local (provision of products), regional (water regulation), and global scales (carbon sequestration), as well as across multiple scales (biodiversity, which supports all ecosystem services). We discuss how local land-use changes are reinforced and spread at the landscape scale and how local land-use changes can trigger larger-scale transformations to more resilient development pathways.

Methods {#sec002}
=======

Analytical framework {#sec003}
--------------------

In order to understand how land-use changes affect interactions within social-ecological systems, we used a modification of the ecosystem services cascade of Haines-Young and Potschin \[[@pone.0195895.ref027]\]. This framework details steps in the flow of services from ecosystems to societies: each is step mediated by decisions that determine the flow of services and benefits \[[@pone.0195895.ref028]\]. In our analytical framework, drivers of change affect the state of ecosystems and social systems, which in turn alter land management and the supply of ecosystem services ([Fig 1](#pone.0195895.g001){ref-type="fig"}). For example, frequent wildfire (as a driver of change) might convert savannah woodland to grassland (as an impact on the state of the ecosystem) and local people might decide to leave (as an impact on the social system). To reduce impacts, people can adapt by adjusting land uses (e.g. abandon agricultural fields, plant fire-tolerant trees, introduce grazing and prescribed burning), building infrastructure (e.g. create firebreaks, establish early warning systems, install new water pumps), or changing social-economic behaviors (e.g. increase awareness, organize fire-fighting groups, subscribe to insurance).

![The modified ecosystem services cascade framework.\
Drivers of change affect the state of social and ecological systems. Changes in landscape properties or societal values influence land-use decisions and the supply of ecosystem services. A change at one point in the system triggers further changes because of the reinforcing loop of ecosystem services flows, whereby benefits derived from particular land uses lead to more changes by local people to those land-uses to ensure supply of more services.](pone.0195895.g001){#pone.0195895.g001}

The framework highlights how land-use decisions by local actors can spread through reinforcing loops via the ecosystem service flow (circular arrows in [Fig 1](#pone.0195895.g001){ref-type="fig"}), which connects societal demand for ecosystem services with their supply by ecosystems. When people value socio-cultural, ecological, or economic benefits from certain land uses, they are more likely to make decisions that favor such land uses. Once implemented, these land-use decisions increase the supply of ecosystem services, which in turn increase benefits and the appreciation of the value of ecosystem services by beneficiaries who push for replication and spread of the land-use decisions that result in the supply of those services. Therefore, a reinforcing loop is created that sustains the direction of change and contributes to spreading the land use to new places and people by scaling out and up. In this way, a local change can become widespread in a landscape or region and have impacts for people far beyond the local scale. Reinforcing loops are not the only influences on the spread of land-use decisions; contextual factors include rights of access and use, livelihood priorities, and peoples' capacities that control the human inputs necessary to co-produce ecosystem services \[[@pone.0195895.ref029]\].

Study sites {#sec004}
-----------

Indonesia is particularly prone to natural hazards \[[@pone.0195895.ref030]\]: it is in a region of archipelagos vulnerable to tropical storms and volcanic activity and a large number of its people depend on natural resources-based livelihoods, such as farming, forestry, and fisheries, that are sensitive to natural hazards. Although Indonesia is rich in tropical forests, extensive areas have been lost in recent decades due to expansion of agriculture, oil palm and other tree plantations, and mining \[[@pone.0195895.ref008]\].

We selected the provinces of West Kalimantan and Central Java because of the diversity of forest cover and of drivers of change and development. Most areas of these provinces face medium to high climatic risks because of the high magnitude of natural hazards and low capacities to respond, according to the Indonesian National Board for Disaster Management \[[@pone.0195895.ref031]\]. Natural hazards and other sources of vulnerabilities can drive adaptation strategies among the people affected, including decisions to change land use, that favor the provision of certain ecosystem services at the expense of others. In each province, we selected two study sites in landscapes with varying forest cover ([Fig 2](#pone.0195895.g002){ref-type="fig"}). The sites in West Kalimantan were dominated by relatively abundant "natural" dipterocarp forests with some rubber plantations, whereas in Central Java the sites were strongly influenced by human activities, consisting of mixed cropping (rice, soya, maize) and secondary forests (mostly plantation teak and pine).

![Map of the study sites.\
Land cover in the studied landscapes (L) in the Indonesian provinces of West Kalimantan (L1, L2) and Central Java (L3, L4) in 2014.](pone.0195895.g002){#pone.0195895.g002}

Methodological approach {#sec005}
-----------------------

We used a transdisciplinary approach to identify how local people changed land uses to adapt their livelihoods to multiple risks, and to assess the impact of these changes on ecosystem services. The field work was conducted over the course of three rounds per province for approximately one month each between March 2014 and June 2015. In focus group discussions (20 in total), we identified the drivers of change that impacted peoples' lives and the responses to these changes since 1994. Among the adaptation strategies reported by communities, we selected those that led to changes in land uses applied by most people over a large part of the landscape. Rural communities and their leaders who participated in this study agreed by oral consent. The field work was permitted by the pertinent Indonesia authorities and approved by CIFOR Ethics Review Committee.

We assessed the impact of land-use changes on multiple benefits provided by ecosystems in order to understand the effects on adaptation and well-being of people at different scales. Ecosystem services can support peoples' adaptations by reducing impacts of climate hazards or other risks and strengthening capacities to respond \[[@pone.0195895.ref002],[@pone.0195895.ref005]\]. In particular, provisioning services of forests and agroecosystems can help diversify local livelihoods and income sources \[[@pone.0195895.ref032]\]. Regulating services of water flow and purification buffer water quality and quantities with local and regional benefits \[[@pone.0195895.ref006]\]. In addition, global climate regulation through carbon sequestration, help avoid further climate change and represents a long-term strategy, lessening the need for adaptation \[[@pone.0195895.ref033]\]. Finally, biodiversity underpins many ecosystem services with benefits from local to global scales \[[@pone.0195895.ref034]\]; thus increasing species diversity has positive effects for timber and water supply, pest control, and regulation of soil, water and climate \[[@pone.0195895.ref035],[@pone.0195895.ref036]\].

We used four indicators to assess selected ecosystem services and their evolution with land-use changes ([Table 1](#pone.0195895.t001){ref-type="table"}): values of harvested products, peoples' satisfaction with clean water availability, amount of carbon stocked in aboveground biomass, and tree species richness. Data on these indicators were collected in structured interviews (160 people and key informants) and forest inventories (120 plots). We compared the indicators for current land uses (2014) with estimations of land uses before change (1994 or 2004), assessed using Landsat 7 ETM+ images for 1994, 2004, and 2014 (US Geological Survey database path/raw: 119/60 for West Kalimantan and 119/66 for Central Java). The interpretation of satellite images was complemented by participatory mapping and ground-truthing. For estimating the amounts of biodiversity, carbon, and harvested products of past land uses, we used space-for-time substitution with analogue land uses currently found in the landscapes \[[@pone.0195895.ref037]\]. For clean water availability, we asked people directly about their perceptions.

10.1371/journal.pone.0195895.t001

###### Overview of the indicators and methods used to assess land-use changes and their impact on ecosystem services.

![](pone.0195895.t001){#pone.0195895.t001g}

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Indicator       Unit                 Description                                                                                                                                         Data source(s)
  --------------- -------------------- --------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------
  Land-use type   Qualitative and ha   Type and area of each land use in the village territory in 1994, 2004, and 2014.                                                                    • Remote sensing\
                                                                                                                                                                                           (Landsat 7 ETM)\
                                                                                                                                                                                           • Participatory mapping

  Carbon          t C/ha               Mean aboveground carbon stocks per land-use type.                                                                                                   • Tree inventories

  Biodiversity    Number of species    Mean tree species richness per land-use type.                                                                                                       • Tree inventories

  Water           1 (low) -\           Stated satisfaction (low--high) of local people with clean water availability (quantity and quality) for 1994, 2004, and 2014.                      • Key informant structured interviews
                  5 (high)                                                                                                                                                                 

  Products        USD/ha/y             Estimated economic value of harvested forest and agricultural products per land-use type (i.e. actual land use for cash or subsistence per year).   • Key informant structured interviews\
                                                                                                                                                                                           • Secondary literature
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

### Focus group discussion: Major land use changes {#sec006}

In focus group discussions, we identified why and how local people have adjusted land uses to respond to drivers of change since 1994. To guide discussions, we used rural appraisal techniques of participatory mapping, historical timelines, seasonal calendars, and problem-trees exercises \[[@pone.0195895.ref038],[@pone.0195895.ref039]\]. For each discussion (5 per village, 20 in total), we invited 12--15 participants representing different livelihoods (farmers, forest users, off-farm workers, and local authorities), genders, and locations within the study sites. The focus group discussions lasted around 2.5 hours each and were held between March 2014 and June 2015.

### Interviews and secondary literature: Clean water and products from the land {#sec007}

To assess clean water, due to lack of historical hydrological data, we asked 40 local adults per village to score their satisfaction with current and past availability of clean water, i.e. quality and quantity for domestic and agricultural purposes. They scored water conditions on a 5-point scale (from very unsatisfied to very satisfied), for the current situation, 10 years ago, and 20 years ago (i.e. 2014, 2004, 1994). Scores were drawn on a graph and the trends discussed with the interviewees. Their explanations helped us check the reasons for changes in water conditions (e.g. land-use changes, technological improvements, climate variations). People assessed the water benefits at landscape scale rather than between land uses. However, land-use changes were widespread, so we assumed they influenced perceived trends in clean water availability.

To estimate the value of harvested products from each land use, we asked key informants about harvesting frequencies, quantities, and local market prices. Crop yields per hectare per year were taken from official provincial statistics \[[@pone.0195895.ref040]\]. For forest products, we used harvestable tree stocks per hectare from our forest inventories, checked against tree stocks and yearly livelihood incomes from forestry from other studies in the same villages, sub-district or district ([S3 Table](#pone.0195895.s003){ref-type="supplementary-material"}). We then calculated average gross local monetary value of harvested products from each land-use type per hectare per year, including cash and cash-equivalents in the case of subsistence farming, i.e. actual use values without labor costs.

### Forest inventories: Aboveground carbon stocks and diversity of tree species {#sec008}

Carbon stocks in aboveground biomass and tree species richness were assessed using field inventories and their mean values were used for each land-use type. We inventoried 81 plots selected using stratified random sampling based on the land-use types previously identified by remote sensing and participatory mapping ([S5 Table](#pone.0195895.s005){ref-type="supplementary-material"}). Sample size was defined depending on expected carbon stocks in each land-use type according to the formula suggested by Winrock International \[[@pone.0195895.ref041]\], and was adjusted to have at least four plots per land-use type. In circular nested plots with an area of 400 m^2^, we measured tree diameters (\>2 cm) at breast height (DBH at around 1.3 m height), estimated their height, and identified species with the help of parataxonomists and databases of previous studies in the region \[[@pone.0195895.ref042]\].

Carbon stocks were calculated using the improved allometric equation for tropical trees \[[@pone.0195895.ref043]\]. Dry wood specific density data were obtained from the ICRAF Wood Density Database \[[@pone.0195895.ref044]\] according to the lowest level of botanical identification possible; otherwise, mean values were used. For crop land, we assumed an aboveground carbon stock of 2 t C/ha, with little likelihood of temporal change because of annual cropping and replanting \[[@pone.0195895.ref045]\].

Results {#sec009}
=======

Drivers of change and response strategies {#sec010}
-----------------------------------------

At all four study sites, livelihoods were mostly based on land-use activities. In West Kalimantan (L1-2), most people interviewed harvested rubber (90%), practiced traditional gold mining (50%), and cultivated rice for subsistence (30%). They cited extreme fluctuations in rainfall, leading to floods or drought among the drivers of change that had the most severe impact on livelihoods in the last 20 years ([S1 Table](#pone.0195895.s001){ref-type="supplementary-material"}). These hazards disrupted river and road transport, preventing logging and mining, with floods damaging houses, and crops, and fish ponds. The people interviewed in Central Java (L3-4) were smallholders who cultivated rice and vegetables (100%), and sometimes also raised goats and cows (60%). They identified wildlife grazing, drought, and pest outbreaks as major hazards, impacting livelihoods by reducing agricultural production (by up to half), clean water availability, and indirectly decreased farm labor and increased food prices.

A range of adaptations to maintain livelihoods were evident in the study population. In West Kalimantan, interviewees repaired flood-damaged houses, fields and fishponds or relocated them, harvested forest products such as fruit, birds, and deer, or borrowed money. In Central Java, they bought water and food, worked off-farm, temporarily migrated to cities for jobs, sold livestock or plantation timber, and changed diets (eating less rice, feeding animals with leaves). In both provinces, farmers changed crop varieties, reduced harvest times, and used fertilizers and pesticides. Other technical adaptations included building irrigation channels and wells, pumping or transporting water, stabilizing slopes with terracing (Central Java) or protecting vegetation (West Kalimantan).

Major land use changes {#sec011}
----------------------

Local people reduced livelihood risks through land-use changes ([Table 2](#pone.0195895.t002){ref-type="table"}, L1-4). In West Kalimantan, people converted forests to rubber plantations to diversify livelihoods and maintain their income in case of floods and droughts ([Table 3](#pone.0195895.t003){ref-type="table"}, L1). The area of rubber plantations, and the number of people working them, have increased by around 40% in the last 20 years, according to the participants in the mapping exercise in L1. Farmers reported that since the 1990s, they have expanded the traditional practice of shifting cultivation, whereby forests are cut and burned to grow upland rice. After a few years of rice cultivation, they replace the rice with rubber trees. According to the farmers, rubber plantations offer a flexible alternative to cultivation and a supplementary income source because their productivity is less affected by drought than is cropping. In addition, rubber trees can be tapped at any time and the harvested latex stored, allowing farmers to wait for good times to sell (prompted by urgent need or high prices).

10.1371/journal.pone.0195895.t002

###### Description of the major land-use changes (L1--4) that the local people undertook to adapt and maintain well-being under the impacts of drivers of change (source: Focus group discussions).

![](pone.0195895.t002){#pone.0195895.t002g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study\   Landscape intervention   Land-use changes\                                                Description of specific land management measures
  site                              and actors                                                       
  -------- ------------------------ ---------------------------------------------------------------- ---------------------------------------------------------------------
  L1       Forest conversion        Farmers convert logged-over forests to rubber plantations        \- clear-cut forests through slash and burn\
                                                                                                     - maintain or plant fruit trees (e.g. durian, rambutan)\
                                                                                                     - cultivate rain-fed rice (2--3 y) and plant rubber trees (\~30 y)\
                                                                                                     - fertilize, remove competing vegetation, tap rubber

  L2       Forest protection        Village leader introduces deforestation ban to protect forests   \- introduce rule to ban deforestation in less degraded forests\
                                                                                                     - harvest NTFPs and trees for local uses (selective logging)\
                                                                                                     - do not cut down big trees and fruit trees along rivers

  L3       Agroforestry             Villagers plant trees in gardens (forest gardens)                \- plant teak in gardens coordinated by farmer association\
                                                                                                     - assist natural regeneration, thin and prune trees, fertilize\
                                                                                                     - follow rules for harvest (DBH\>20 cm, age\>20 y), replant (1:10)

  L4       Reforestation            Farmers reforest less productive croplands                       \- abandon less productive croplands on slopes\
                                                                                                     - plant or assist regeneration of teak and mahogany\
                                                                                                     - follow social norms to replant trees after cutting
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------

10.1371/journal.pone.0195895.t003

###### Objectives that triggered land-use changes, enabling factors and perceived effects (source: Focus group discussions).

![](pone.0195895.t003){#pone.0195895.t003g}

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study site   Objective of land-use changes                                  Contextual factors enabling land-use changes                                   Perceived effects of land-use changes
  ------------ -------------------------------------------------------------- ------------------------------------------------------------------------------ ---------------------------------------------------------------------------
  L1           Increase income opportunities despite extreme weather          \- good rubber prices\                                                         \- more flexible and diversified livelihoods\
                                                                              - new settlement, bridge, road\                                                - less clean water in rivers\
                                                                              - government inputs for rubber\                                                (for fishing, drinking, washing)\
                                                                              (seedlings, techniques, fertilizers)                                           - more severe floods when heavy rain

  L2           Maintain (scarce) natural resources for future local needs     \- political change (new village and leader)\                                  \- more efficient use of degraded land\
                                                                              - experiences with forest changes (logging, mining, shifting cultivation)\     - little improvement in clean water\
                                                                              - perceived increasing impact of climate variability (drought, floods, heat)   (but more expected)

  L3           Diversify income opportunities                                 \- coordination by farmer association\                                         \- more flexible and diversified livelihoods\
                                                                              - support from NGOs\                                                           - more water in dry season for cultivation
                                                                              - experiences with water shortages\                                            
                                                                              - good teak demand and prices                                                  

  L4           Maintain (low) land productivity (droughts, wildlife, pests)   \- low soil fertility\                                                         \- fewer harvest losses from drought, pests, and wildlife than for crops\
                                                                              (far from river, rocky, slopes)\                                               - lower workload than for crops
                                                                              - lack of labor (migration and aging)                                          
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Another change was the introduction of a new village rule to preserve forests in 2011 ([Table 2](#pone.0195895.t002){ref-type="table"}, L2), which banned shifting cultivation in less degraded forests, mostly on hills (around 45% of the village territory). In these forests, people could harvest non-timber forest products (NTFPs) such as firewood, rattan, agarwood, and birds, or selectively log a few trees for local use, but not along rivers. The village chief explained that the rule was established to "*avoid that our next generations experience difficulties in finding natural and forest resources and face intense floods and hot weather*".

In Central Java, a new land use involved planting trees on private lands near settlements which helped diversify farmers' livelihoods and income opportunities ([Table 3](#pone.0195895.t003){ref-type="table"}, L3). In the focus group discussions, the villagers reported that in the late 1980s, a farmer started this agroforestry practice in his garden and some years later it was replicated by neighbors who created forest gardens (around 60% of gardens). The farmers formed an association to coordinate management practices that was later supported by an NGO. In 2004, the forest gardens of three hamlets became a certified community forest and they were given a sustainable natural resource management label called *Lembaga Ekolabel Indonesia* (LEI 2004 village certification book). According to the head of the certified forests group in L3: "*at the beginning we planted trees to complement income from crops*, *but later on we also realized the positive impact on water springs*".

Another widespread land-use change in Central Java was the abandonment of less productive croplands of rice, soya, and peanut (around 15% of all rain-fed cropland). Although some rice fields are close to the river and cultivated up to three times per year, most are on rain-fed terraced slopes. Farmers reported that these less productive croplands were cultivated with rice only if enough rain was expected and were otherwise planted with other crops or left fallow. However, due to rainfall variability, harvest failures were frequent. Farmers reforested some less productive fields by allowing natural regeneration to occur or planting teak and mahogany ([Table 2](#pone.0195895.t002){ref-type="table"}, L4). This land-use change spread during the early 2000s, when farmers reported more frequent harvest losses because of foraging by monkeys and wild boars at the village margins.

Biodiversity {#sec012}
------------

Logged-over or protected forests in West Kalimantan hosted similar tree species richness (mostly *Shorea* spp., *Syzygium* spp., and *Turpinia* spp.) ([Fig 3](#pone.0195895.g003){ref-type="fig"}, [S2 Table](#pone.0195895.s002){ref-type="supplementary-material"}). A few rubber plantations (*Havea braziliensis*) were mixed with fruit trees, such as mango or durian, which led to an average of around 3 species in this land use. In Central Java, croplands and gardens had low tree species richness (0--3). Gardens, mostly planted with cassava, maize, and medicinal herbs, were sometimes mixed with coconut, banana, and bamboo trees. The tree species richness was higher (up to 5) in forest gardens and mostly included teak (*Tectona grandis*) or mahogany (*Swietenia macrophylla*). The same species were used to reforest less productive croplands in addition to some natural regeneration with shrubs and other trees such as *Acacia* spp. and *Pterocarpus* spp.

![Mean number of tree species per land use (± SD) that were changed by local people as part of their adaptation strategies to hazards (L1--4).](pone.0195895.g003){#pone.0195895.g003}

Products from the land {#sec013}
----------------------

In West Kalimantan, local livelihoods depended on several forest and tree products such as timber, rubber, and other NTFPs (e.g. agarwood, fruits, deer, birds). The main timber species harvested for building or trade was the Bornean ironwood (*Eusideroxylon zwageri*); however, it was becoming increasingly rare according to the forest users in the focus group discussions (L1-2). People extracted timber for an estimated value of 180 USD/ha/y and collected NTFPs worth 30 USD/ha/y ([Fig 4](#pone.0195895.g004){ref-type="fig"}). Rubber plantations were the most profitable land use, whose latex collection was worth 375 USD/ha/y.

![Mean values of harvested products from the land (USD/ha/y ± 10% uncertainties).\
Land uses that were changed by local people as part of their adaptation strategies to hazards (L1--4).](pone.0195895.g004){#pone.0195895.g004}

In Central Java, the highest income source was croplands planted with rice in irrigated fields near the river and harvested up to three times per year, or in rain-fed fields and harvested once a year (785 USD/ha/y). During the first planting season, farmers explained that they preferred to cultivate the rain-fed fields with red rice (an early-maturing drought-resistant variety). When the least productive croplands were abandoned and trees planted, the harvested product value fell to 40 USD/ha/y. Food (vegetables and cassava) and medicinal plants in gardens were worth 80 USD/ha/y, and when mixed in with agroforestry in forest gardens, reached 110 USD/ha/y.

Clean water {#sec014}
-----------

The perception by local people of clean water availability evolved differently in the two regions over the last 20 years ([Fig 5](#pone.0195895.g005){ref-type="fig"}). In West Kalimantan, clean water availability decreased slightly at places where forests were converted into rubber plantations (L1) or protected (L2). However, the time elapsed since forest protection started at L2 may be too short to have noticeable effects on water. In Central Java, clean water perceptions have improved, during the last 20 years, when the number of trees increased in the landscape (L3--4). Several respondents connected these trends with recent changes in forests, such as the building of new wells or water channels ([S4 Table](#pone.0195895.s004){ref-type="supplementary-material"}). For example, villagers in West Kalimantan reported that "*shifting cultivations and gold mining activities are decreasing the soil fertility and water quality*" (L1) or "*in the future the water might get better because of the new regulations that prevent the mining*" (L2). In Central Java, interviewees mentioned that *"water conditions are improving because the community forest grows very well"* (L3) and that "*there are many reforestation activities that if they continue will help us to have more secure sources of fresh water"* (L4).

![Local peoples' scores of clean water availability during the last 10--20 years (from high to low satisfaction ± SD).\
Changes in satisfaction with clean water availability during the periods when the selected major land-use changes occurred as part of the adaptation strategies to hazards (L1--4).](pone.0195895.g005){#pone.0195895.g005}

Carbon {#sec015}
------

Carbon stocks in aboveground biomass were highest in the semi-natural protected forests (198 t C/ha) and in old logged-over forests (130 t C/ha) in West Kalimantan ([Fig 6](#pone.0195895.g006){ref-type="fig"} and [S5 Table](#pone.0195895.s005){ref-type="supplementary-material"}). In rubber plantations, carbon stocks were 80% less than in logged-over forests (L1). In Central Java, gardens and croplands had the lowest aboveground carbon stocks (15 t C/ha and 2 t C/ha, respectively). Trees planted in these lands stored up to 49 t C/ha (L3--4).

![Mean carbon stock (t C/ha ± SD) in aboveground biomass.\
Measurements were taken for the land uses that were changed by local people as part of their adaptation strategies to hazards (L1--4).](pone.0195895.g006){#pone.0195895.g006}

Trade-offs {#sec016}
----------

Selected land-use changes increased most ecosystem services, but some trade-offs occurred ([Fig 7](#pone.0195895.g007){ref-type="fig"}). In West Kalimantan (L1), the conversion of logged-over forests into rubber plantations favored products at the expense of biodiversity, carbon, and water benefits. Conversely, in Central Java (L4), the reforestation of less productive cropland resulted in a decrease of products and an increase of biodiversity, carbon, and clean water. Forest protection in West Kalimantan (L2), increased biodiversity and carbon stocks but limited the income from forest products. The agroforestry practices in forest gardens in Central Java (L3) increased all ecosystem services without any particular trade-offs between biodiversity, carbon, products, and clean water.

![Changes in ecosystem services (land products, carbon sequestration, water purification and regulation) and biodiversity before and after selected land-use changes as per people's adaptation strategies.\
The value of each indicator is normalized from 0 (minimum possible value at the center of the spider plot) to 5 (maximum observed value on the outermost circle).](pone.0195895.g007){#pone.0195895.g007}

Discussion {#sec017}
==========

Drivers and impacts of land use change {#sec018}
--------------------------------------

Over the last 20 years, local people in the study sites have changed land uses by adjusting their management of trees to reduce risks to livelihood linked to natural resource scarcity, low agricultural productivity, and climate hazards. Similar to the Indonesia cases, other rural communities in tropical landscapes have started local initiatives to manage forested areas to improve ecosystem services and adaptation benefits. For example, farmers in Southeast Asia adapted land uses by mixing plantations of rubber, coffee, or cacao with crops in agroforestry systems \[[@pone.0195895.ref046],[@pone.0195895.ref047]\]. Farmers in the Sahel reforested dry lands to make livelihoods resilient to drought following changes in governance and farming practices \[[@pone.0195895.ref048]\]. Smallholders in the Ecuadorian Andes planted trees on agricultural lands or protected forests to prevent burning and cattle grazing and to increase economic diversification \[[@pone.0195895.ref049]\], motivated by the community perception that forest conversion to other uses would negatively affect water quality and availability.

Changes in land uses to increase local benefits from ecosystems have consequences for other services that span spatial scales. In the Indonesia case studies, local people modified forest and agroecosystems to change supply of products, diversify livelihoods and reduce risks, but these changes impacted regulating services that benefit people in other areas. Land-use decisions that increased provisioning services for local benefits, like in the case of conversion of forests to rubber plantation, led to trade-offs with regulating services that were then reduced, providing fewer benefits at larger scales. Conversely, restoration of regulating services for water by reforesting cropland or protecting forest patches led to a decrease in local benefits from provisioning services). Similar trade-offs or synergies between provisioning and regulating services have been reported \[[@pone.0195895.ref012],[@pone.0195895.ref015]\], as well as among regulating services \[[@pone.0195895.ref050],[@pone.0195895.ref051]\].

Local strategies for adaptation based on land-use changes result in co-benefits and trade-offs at the global scale. Three of four land-use strategies (L2--4) increased local and regional benefits (more products and cleaner water), but also global benefits for climate mitigation (more carbon stocks). Such strategies met the converging interests of local and global stakeholders for solutions to climate change. However, local strategies can also result in trade-offs for carbon sequestration, as for conversion of forests to rubber plantations (L1), where interests of local people to strengthen livelihoods diverged from the global priority to reduce carbon emissions. Understanding the impact of local adaptation strategies on ecosystem services that can have benefits at the global scale, can help implement successful actions for climate change that account for different stakeholders' interests. International policy initiatives on climate change mitigation (e.g. REDD+, climate-smart agriculture) that consider local ecosystem benefits are more likely to be legitimate and long-lasting \[[@pone.0195895.ref052]--[@pone.0195895.ref054]\]. At the same time, such initiatives should be aware of local adaptation strategies that might affect forests and carbon permanence.

Mechanisms reinforcing decisions to change land use {#sec019}
---------------------------------------------------

When local actors perceive that strategies based on small-scale land use changes are successful, they can expand strategies and spread change at landscape scale. As our analysis showed, a single-farmer initiative or a rule made by a village chief may be followed by others. The ecosystem services framework helps highlight how perceived increases in certain benefits from ecosystems can be reinforced through land management decisions. Attempting large-scale change without preliminary small-scale change is difficult and risky \[[@pone.0195895.ref055]\]. However, even if changes spread within a community, disparities may exist between groups due to varying power relations, capacities, dependencies, or access rights that should be considered \[[@pone.0195895.ref056],[@pone.0195895.ref057]\]. Positive effects on ecosystem services that are socially accepted and inclusive create feedback loops that shape trajectories of social--ecological systems \[[@pone.0195895.ref058],[@pone.0195895.ref059]\].

Perception by local actors that land-use changes improve livelihoods and reduce risks creates a reinforcing loop that increases the spread of such changes: supply of more ecosystem services leads to broader adoption of change in land-use ([Fig 1](#pone.0195895.g001){ref-type="fig"}). Several people at the study sites appreciated new land uses that offered more flexible, diverse, and resilient income opportunities (e.g. rubber in L1 or teak in L3--4). They also valued improved clean water conditions as co-benefits of the land-use changes (due to tree cover in L2--4). As represented in the conceptual framework, the ecosystem service flows connect supply from ecosystem with demand of people who can decide to influence these flows. When more people appreciate certain ecosystems or landscape states, so more decisions are implemented that shape landscape characteristics according to peoples' interests. Since changes in societal values due to observed outcomes of land-use decisions can trigger reinforcing loops, it is important that people have opportunities to explore different strategies and learn from experience \[[@pone.0195895.ref060],[@pone.0195895.ref061]\]. This outcome may be achieved by empowering local groups to develop and implement new land-uses and practices.

Factors facilitating decisions to change land uses {#sec020}
--------------------------------------------------

The introduction of new land uses by local actors to improve livelihoods and reduce risks is facilitated by the states of or changes in social or ecological systems, which create "windows of opportunity" \[[@pone.0195895.ref062],[@pone.0195895.ref063]\]. As shown by the response of the communities studied in West Kalimantan, floods, drought, or natural resource scarcity can trigger changes in forest use. It has been reported that extreme weather variability and restricted forest access due to logging concessions have triggered adjustments in land management in other areas in the region \[[@pone.0195895.ref064],[@pone.0195895.ref065]\]. Other opportunities for new land uses can be triggered by changes in the social--institutional context at different scales; for example, when a new local leader introduces rules for use and management of community forests like in the case of West Kalimantan. In addition, external factors that trigger changes in land-use decisions include new forest and climate policies, demographic change, or economic development. Changes in government forest policies and in levels of control were common in the colonial and reformation period in Java and determined the land-use decisions made by local people e.g. to plant or cut trees \[[@pone.0195895.ref066],[@pone.0195895.ref067]\]. The analysis in the villages in Central Java showed that also a lack of labor due to migration and aging populations can lead to reforestation of abandoned agricultural land. In addition, increased commodity prices or construction of new roads or water systems also influenced peoples' uses of ecosystems.

Land-use changes that lead to improved livelihoods may not spread automatically because reinforcing loops that can promote certain ecosystem services depend on human actions and contextual factors. Dominant rules and power relations, values, and knowledge can hinder or facilitate people's adaptation decisions and actions \[[@pone.0195895.ref068]--[@pone.0195895.ref070]\]. These factors influence people's decisions with repercussions on the flows of ecosystem services. As shown in the case studies, the experiences of farmers affected by logging or water shortages, as well as knowledge of market prices and the values and rules developed through community organizations, facilitated changes in land uses. Other factors might hinder change, such as lack of land tenure rights and infrastructure (including market access). Overall, contextual factors influence land-use decisions and other inputs to co-production and delivery of ecosystem services to final beneficiaries \[[@pone.0195895.ref071]\] and can change the trajectory of social--ecological systems \[[@pone.0195895.ref072],[@pone.0195895.ref073]\].

Implications of local land-use decisions at larger scales {#sec021}
---------------------------------------------------------

Local adaptation strategies can introduce novel ways of managing ecosystems that then spread at the landscape scale through reinforcing loops in the ecosystem services flow and have impact beyond the local scale. Such responses have been described as transformative adaptations \[[@pone.0195895.ref002],[@pone.0195895.ref074],[@pone.0195895.ref075]\], although a consensus on their definition is lacking \[[@pone.0195895.ref055]\] (but see \[[@pone.0195895.ref076]\]). In contrast, coping responses are usually reactive, tactical, and short-term \[[@pone.0195895.ref077]\] and incremental adaptations tend to be anticipatory responses that extend current practices, but without changing prevailing systems of social organization, economic structures, and modes of production \[[@pone.0195895.ref077],[@pone.0195895.ref078]\].

Transformative adaptations are generally collective strategies, undertaken at large scale or intensity, novel to the prevailing social-ecological system, and that cause major system changes \[[@pone.0195895.ref079]\]. In addition, they impact at several scales and challenge dominant feedback loops in the system \[[@pone.0195895.ref055]\]. Transformational responses might be required to address long-term, large-scale, nonlinear, and uncertain changes such as those triggered by climate change \[[@pone.0195895.ref073],[@pone.0195895.ref080]\]. Strategies that seek to cope with, or incrementally adapt to, changed circumstances, may be insufficient when changes are particularly extreme or rapid, and where people are especially vulnerable \[[@pone.0195895.ref081]\].

Successful bottom-up land-based strategies offer the prospect of promising pathways for development that can be replicated and scaled up. Landscapes can provide multiple ecosystem services that support the livelihood needs of those managing them and provide co-benefits for people located more distantly. Whoever controls access to the land usually derives benefits from provisioning services, but people further away also benefit from regulating services via off-sites effects. Certain land-use practices are already suited to, and embedded in, local contexts, thereby increasing the chances of sustainability and success. As shown in the case studies, people may have local initiatives in place to protect or increase tree cover in the landscape.

Land-based approaches that build on local initiative with inclusive benefits and minimized trade-offs can contribute to achieving several development objectives simultaneously while having greater impact. This is particularly relevant with the increase in international initiatives on climate change, biodiversity and sustainable development such as the UN Sustainable Development Goals and the UNFCCC Paris Agreement. The design of Reduction of Emissions from Deforestation and Forest Degradation (REDD+) initiatives that consider multiple effects of adjustments in land-use strategies could leverage on local co-benefits for adaptation to help spread and scale-up new forest management practices.

Conclusion {#sec022}
==========

In this paper, we illustrated four cases of major land-use changes adopted by local people in response to multiple risks in two rural regions of Indonesia. Local people converted, protected, or planted trees in their landscapes to diversify local livelihoods and maintain land productivity under changing conditions such as climate variation and natural resource scarcity. Changes in land use mostly affected provisioning services of forests and agricultural ecosystems and produced local benefits, but also affected biodiversity and the regulating services of water quality and quantity and carbon sequestration, which have impacts beyond the local scale.

Our assessment of the impact of local land-use changes on products, water, climate, and biodiversity revealed some multiple benefits, but also trade-offs and off-site effects that were not initially considered by the people who initiated the changes; an important consideration in operationalizing ecosystem assessments. Not all land-use changes simultaneously meet multiple development and climate objectives, because actors at different scales may have diverging interests. Widespread changes in land uses entail shifts in peoples' priorities, practices, and rules related to ecosystems and their benefits. New perceptions and strategies developed by local communities can arise from learning and experiential knowledge of the effects of change. Positive feedback loops from land-use changes with local benefits, combined with enabling contextual factors, can spread new land uses to different people and places (i.e. can scale land-use changes up and out). In this way, some land-use changes can radically modify large areas in novel ways that alter current dominant feedback loops and affect different spatial scales. Changes in social--ecological systems with such characteristics have been associated with transformative adaptations.

Ecosystem services assessments that consider feedback loops and multiple impacts on different ecosystem services and beneficiaries can help environmental managers and policy makers design and implement more locally appropriate and sustainable land-use decisions. The complexities and uncertainties of the impact of drivers of global change might require radical changes. However, such changes imply shifts in current values related to social-ecological systems can be challenging because of dominant views, traditions, and the interests of powerful stakeholders. Therefore, building on currently emerging local adaptation pathways that demonstrate multiple benefits across scales can help strengthen and scale up responses to climate change and other sources of vulnerability.
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